Arsenic adsorption and exchange with phosphorus on indium phosphide ͑001͒ have been studied by scanning tunneling microscopy, low-energy electron diffraction, and x-ray photoelectron spectroscopy. The surface phase diagram as a function of temperature has been obtained. At 285°C, arsenic adsorbs on the InP (2ϫ4) surface (P coverageϭ0.25 ML), forming a disordered (1ϫ4) with double layers of arsenic (As ϩP coverage ϳ1.5 ML). At 330°C, arsenic adsorbs on the (2ϫ4), producing a (2ϫ1) structure with a complete monolayer of group-V dimers. By contrast, some phosphorus desorption occurs above 350°C, allowing arsenic to displace the phosphorus in the top few layers and converting the (2ϫ4) to the ␤2 and ␣2(2ϫ4) reconstructions ͑As coverage 0.75 and 0.50 ML, respectively͒. Above 430°C, arsenic exchange with InP yields an InAs (4ϫ2) reconstruction. Quantitative analysis of the x-ray photoemission spectra has revealed that substitution of arsenic for phosphorus is limited to the top two to three surface bilayers.
I. INTRODUCTION
Heterostructures made of III-V compound semiconductors, such as heterojunction bipolar transistors ͑HBT's͒, are mostly grown by metalorganic vapor phase epitaxy ͑MOVPE͒.
1 During the growth of these heterojunctions, e.g., InGaAs/InP, the group-V sources must be switched from phosphorus to arsenic. It is found that in InGaAs/InP multiple quantum wells grown by MOVPE, there is a strong dependence of interfacial quality on growth sequence, with interfaces in which InGaAs is grown on InP being substantially smoother and more abrupt than those in which InP is grown on InGaAs. [2] [3] [4] Hence the group-V exchange reaction between phosphorus and arsenic is a fundamentally important process, because it affects both the interface properties and the uniformity of quantum structures.
The interaction of arsenic with InP ͑001͒ surfaces has been studied by several research groups, [5] [6] [7] [8] [9] [10] [11] with a consensus being reached that the InAs surface layer stabilizes at around two to three bilayers in thickness, with no significant arsenic incorporation beyond this region. [5] [6] [7] In addition, the activation energy of arsenic exchange with phosphorus was determined to be from 1.2 to 1.6 eV. [8] [9] [10] [11] However, detailed structural information-for example, the surface phase diagram-has not been provided so far.
In this paper, we present a study of arsenic adsorption and exchange on the InP ͑001͒ (2ϫ4) reconstruction. The composition and structure of the surface have been determined by scanning tunneling microscopy ͑STM͒, low-energy electron diffraction ͑LEED͒, and x-ray photoelectron spectroscopy ͑XPS͒. We have observed five phases, with decreasing As coverage and increasing surface temperature: a disordered (1ϫ4) and an ordered (2ϫ1), ␤2(2ϫ4), ␣2(2ϫ4), and (4ϫ2). For the latter three phases, the XPS results indicate that arsenic substitutes for phosphorus in the top few bilayers.
II. EXPERIMENTAL METHODS
The samples were prepared by growing indium phosphide films, 0.5 m thick, on InP ͑001͒ substrates in an MOVPE reactor. 12 After growth, the samples were transferred directly into an ultrahigh-vacuum ͑UHV͒ cluster tool with a base pressure of 2.0ϫ10 Ϫ10 Torr, via a turbo-pumped interface chamber. Details of this system have been described elsewhere. 12 The InP ͑001͒ crystals were annealed at 673 K for 15 min to obtain a clean and well-ordered indium-rich (2ϫ4) reconstruction, 13 and this was verified by lowenergy electron diffraction and scanning tunneling microscopy.
Arsenic from two different precursors-arsine (AsH 3 ) and tertiarybutylarsine ͑TBAs͒-was introduced into the chamber at 1ϫ10 Ϫ5 Torr ͑unless otherwise specified͒ through a leak valve for 5-200 min ͓3.0ϫ10 3 -1.2ϫ10 5 L, (1 Lϭ10 Ϫ6 Torr • s)͔ at temperatures ranging from 250 to 450°C. Since both precursors produce the same phases with comparable dosages, for the rest of the paper, we will only refer to the arsine (AsH 3 ) source.
The surface reconstruction after As adsorption was determined by a Princeton Instruments low-energy electron diffractometer. In addition, As 2p, As 3d, P 2p, and In 3d core-level x-ray photoelectron spectra were collected with a PHI 3057 spectrometer equipped with a concentric hemispherical analyzer, multichannel detector, OMNI-III lens with variable acceptance angle, and Al K␣ x-ray source. The As 2p and 3d spectra were collected to determine the relative distribution of arsenic atoms in the surface and lower layers, since the mean free path of the 2p photoelectrons is much smaller than that of the 3d photoelectrons.
14 All XPS spectra were taken with small area mode with a 7°accep-tance angle and 23.5 eV pass energy. A 55°takeoff angle with respect to the surface normal was used. Scanning tunneling micrographs were obtained using a Park Autoprobe/VP scanning tunneling microscope. Tunneling was out of filled states with a sample bias of Ϫ2.5 to Ϫ4.5 V and a tunneling current of 0.5 to 1.0 nA.
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III. RESULTS
A. InP "001… "2Ã4… surface A scanning tunneling micrograph of the InP ͑001͒ (2ϫ4) surface is shown in Fig. 1 . This surface exhibits gray rows extending several hundred angstroms along the ͓110͔ axis. In the image, an individual unit cell is highlighted with a white rectangle. It consists of an oblong white spot sitting between a gray ledge and a black trench on either side. The bright spot in the center of the row is due to the filled dangling bonds of a phosphorus dimer. According to the model proposed in previous studies, 13, 15, 16 the (2ϫ4) consists of a single phosphorus dimer straddling four indium dimers, with a P coverage of 0.25 ML. Although theoretical studies predict that this phase is not the most stable In-rich surface, this does not preclude its existence over a specific range of conditions. 15, 16 In our studies, the (2ϫ4) is observed mixed in with the (2ϫ1) and ␦(2ϫ4) phases when the phosphorus coverage lies between 1.0 and 0.125 ML. 13 A maximum of about 80% of the surface may be covered with the (2ϫ4) at 0.4Ͻ P Ͻ0.2. Presumably, the presence of the other reconstructions helps to stabilize the phase.
B. Composition of the surface phases
Dosing arsine onto the (2ϫ4) at 285, 330, 380, and 430°C produces a disordered (1ϫ4) and ordered (2ϫ1), (2ϫ4), and (4ϫ2) reconstructions, as indicated by LEED and STM. Shown in Fig. 2 is the arsenic composition ͓As ͑%͔͒ of the (2ϫ4) and (4ϫ2) phases during dosing at elevated temperatures. These values were determined by monitoring the As 2p core-level peaks by XPS. The amount of arsenic rises rapidly during AsH 3 exposure, then levels off at about 42% and 52% for the (2ϫ4) and (4ϫ2), respectively. The As uptake for the d(1ϫ4) and (2ϫ1) is not shown, since in these cases it takes only 5000 L to reach saturation.
Shown in Table I are the atomic compositions of the d(1ϫ4), (2ϫ1), (2ϫ4), and (4ϫ2) reconstructions. The arsenic percentages calculated using the As 2p core-level peaks range from 35.1% to 51.3%. These values are much greater than that calculated using the 3d peaks, which range from 10.1% to 17.8%. This suggests that arsenic is confined to a thin surface layer, instead of being distributed evenly throughout the film ͑see discussion below͒. In addition, both measurements of the arsenic content show the same trend: that the (2ϫ4) surface contained the most As, followed by the (4ϫ2), d(1ϫ4), and, last, the (2ϫ1) phase.
C. Surface phase transition
Dosing arsine on the InP ͑001͒ (2ϫ4) at 285°C and 5ϫ10 Ϫ5 Torr produces a surface with a weak (2ϫ1) LEED pattern. A filled-states STM image of this surface is shown in Fig. 3 . Light gray rows are seen extending in the ͓1 10͔ direction and spaced 16 Å apart, yielding a disordered (1ϫ4) structure. Some of these rows are more clearly shown in the inset in Fig. 3 . They are not well ordered and are broken in many places ͑two examples are indicated by the arrows in the inset͒. Close examination of the images reveals that there are also dimer rows extending in the opposite direction near the pits and step edges. Several examples are circled in the image and inset. These rows are separated by 8 Å and are most likely responsible for the (2ϫ1) pattern seen in LEED. The vertical distance between the d(1ϫ4) and (2ϫ1) surfaces is about 1.5 Å or one atomic layer. Note that the former phase occupies more than 90% of the surface area.
After dosing the (2ϫ4) with arsine at 330°C, a much clearer (2ϫ1) LEED pattern is observed. Shown in Fig. 4 is a filled-states STM image of this reconstruction. Inspection of the image reveals that the surface is terminated with rows of buckled dimers oriented along the ͓110͔ direction. The distances between adjacent rows are 8 Å, yielding a 2ϫ periodicity. The inset in Fig. 4͑b͒ shows a higher-resolution image of the buckled dimer rows. This reconstruction is analogous to the InP (001)-(2ϫ1), which is terminated with 1.0 ML of phosphorus. 17 In the image in Fig. 4 , one sees many bright white features scattered over the surface. One of these features is shown in the inset. It is elongated in the ͓1 10͔ direction and is about 1.5 Å in height. This suggests that the white spots are due to additional arsenic atoms on top of the (2ϫ1), analogous to the disordered rows observed in Fig. 3 . However, in Fig. 3 , the coverage of the second layer of arsenic atoms is much greater, close to 90%, compared to only 20% for the (2ϫ1) reconstruction shown in Fig. 4 .
Dosing AsH 3 at temperatures ranging from 360 to 410°C produces a sharp (2ϫ4)/c(2ϫ8) LEED pattern. A filledstates STM image of this structure is shown in Fig. 5͑a͒ . The surface exhibits straight dimer rows that are parallel to the ͓1 10͔ crystal axis. The average separation between trenches is 16 Å. This structure is the same as that observed on InAs and GaAs ͑001͒ surfaces. 18 -20 A closer examination of the STM image reveals that most rows contain two arsenic dimers, as indicated by the black arrows in the picture. However, about 20% of the unit cells consist of only one arsenic dimer, as indicated by white arrows. Figure 5͑b͒ shows a line scan across two double-dimer-unit cells ͑AB in the picture͒. The profile exhibits saddle-shaped dimer features and symmetric trenches that are at about 2.6 Å in depth, characteristic of the ␤2(2ϫ4) structure. 19, 20 Figure 5͑c͒ is a line scan across two single-dimer-unit cells ͑CD in the picture͒. In contrast, this profile exhibits a shoulder about 1.4 Å lower than the dimer feature, as well as a trench about 2.8 Å in depth. This line shape is indicative of the ␣2(2ϫ4) structure. 18 -20 Exposing the (2ϫ4) to arsine at temperatures above 430°C yields a (4ϫ2) reconstruction, as indicated by LEED. Figure 6 presents a filled-states scanning tunneling micrograph of this surface. Straight gray rows are seen oriented in the ͓110͔ direction and laterally separated by 16 Å. In between, these rows are dark stripes that are partially filled with light gray spots. These spots repeat every 8 Å ͑2ϫ periodicity͒. This structure is analogous to the InAs (4ϫ2) prepared by molecular beam epitaxy ͑MBE͒, 21 except that in the latter case, the dark stripes are completely filled with the gray spots. Some As-rich (2ϫ4) islands are present on the surface ͑indicated by the white arrow in the figure͒. These islands can be removed by further annealing of the sample.
We have performed experiments to check if the phase transition is reversible. Starting from the InAs (4ϫ2) reconstruction and dosing arsenic at temperatures between 360 and 410°C returns the surface to a (2ϫ4) structure, the same as that observed in Fig. 5 . Evidently, this part of the phase diagram is reversible. However, dosing the InAs (2ϫ4) surface with arsine at 330°C does not produce a (2ϫ1) reconstruction. Instead, the (2ϫ4) LEED pattern remains unchanged. Figure 7 presents an STM picture of a surface prepared in this way. It is covered with straight double-dimer rows extending in the ͓1 10͔ direction. Examination of the image reveals the initial formation of (2ϫ1) domains with dimer rows oriented along the ͓110͔ crystal axis. Several of these regions are highlighted with black oblong circles in the figure. These domains are one to six rows wide and less than 50 Å in length. Line scans show that they have the same height as the neighboring (2ϫ4) surface.
In Fig. 7 , one can see small islands that have nucleated on top of the (2ϫ4) structure. Some of these are demarcated with white boxes in the STM image. The dimer rows contained in these islands are disordered and discontinuous. Line scans indicate that these structures are 4.4 Å or three atomic layers, higher than the underlying (2ϫ4) reconstruction. This suggests that the islands are composed of double layers of arsenic atoms, like the d(1ϫ4) structure discussed above. Pits of bilayer depth are found near these regions, yielding a surface roughness of 7.3 Å from the top of the island to the bottom of the pit. The surface roughening observed here has also been recorded for the phase transition between the (2ϫ4) and c(4ϫ4) reconstructions of GaAs ͑001͒. When the InAs (2ϫ4) surface is dosed with arsine at 285°C, a weak (2ϫ1) LEED pattern is detected. As shown in Fig. 8 , this surface is quite disordered, covered with pits that are two atomic layers deep ͑marked by ''P''͒ and islands two atomic layers high ͑marked by ''I''͒. In addition, one sees small domains of different reconstructions, as illustrated by rows traversing in the ͓110͔ and ͓1 10͔ directions. The rows parallel to the ͓110͔ axis are 8 Å apart, indicative of a (2ϫ1) structure, while the rows parallel to the ͓1 10͔ axis are 16 Å apart, indicative of a (2ϫ4) structure.
IV. DISCUSSION
A. InAs film thickness
The XPS results in Table I indicate that the fraction of arsenic recorded in the near-surface region depends on whether the As 2p or 3d photoelectrons are used in the calculation of the atomic composition. The reason for this is that the escape depths of the photoelectrons from the two levels are not the same. The As 2p binding energy is 1322 eV, so that the photoelectrons leave the surface with a kinetic energy of about 160 eV. This corresponds to a mean free path of ϳ6 Å ͑Refs. 5 and 14͒ or four atomic layers of the film. On the other hand, the As 3d binding energy is 44 eV, so that the photoelectrons have a residual kinetic energy of 1440 eV and an escape depth of ϳ25 Å.
14 The fact that the As concentration saturates at the same arsine dosage, regardless of the core level used in the calculation, suggests that arsenic adsorption and exchange do not extend more than 6 Å below the surface. This finding is in good agreement with previous studies of arsenic adsorption on InP ͑001͒.
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The indium arsenide overlayer thickness T may be estimated from the P 2p/In 3d peak intensity ratios using a model published in the literature. 6, 7 This model assumes a uniform in-depth excitation and an exponential decay in the intensity of the photoemission with escape length L that depends only on the kinetic energy. The XPS peak ratio is given by
For the InP (2ϫ4), the P 2p/In 3d peak ratio is 0.60, whereas for the InAs/InP (4ϫ2), the P 2p/In 3d peak ratio is 0.44. The escape length of phosphorus, L( P), equals 18 Å according to Refs. 6 and 23. Therefore, from Eq. ͑1͒, the thickness of the indium arsenide layer on top of indium phosphide is 5.6 Å. Similarly, the P 2p/In 3d peak ratio for the InAs/InP (2ϫ4) is 0.40, yielding a layer thickness of 7.3 Å. This is about one atomic layer thicker than that estimated for the (4ϫ2), presumably because the former phase is terminated with 0.75-0.50 ML of arsenic. Note that the above calculation cannot be made for the d(1ϫ4) and (2ϫ1) structures, because an InAs ''skin'' has not formed on these surfaces.
B. Surface phase transitions
In Fig. 9 , the surface phases of adsorbed and exchanged arsenic on indium phosphide ͑001͒ are shown as a function of the coverage of group-V elements and the temperature. This phase diagram can be divided into two regimes: below and above the onset of phosphorus desorption at 350°C. Below this temperature, it is proposed that arsenic adsorbs on the (2ϫ4), forming a d(1ϫ4) or (2ϫ1) reconstruction. Whereas above this temperature arsenic exchanges with phosphorus in the first two to three bilayers, forming a ␤2(2ϫ4), ␣2(2ϫ4), or (4ϫ2) reconstruction. The corresponding AsϩP coverages on these five phases decline progressively from 1.5 to 1.0 to 0.75 to 0.5 and to ϳ0.25 ML, respectively. The atomic structure and composition of each of these phases are described next.
Presented in Fig. 10 is a model illustrating the conversion of the InP (2ϫ4) into the As:InP (2ϫ1). The (2ϫ4) unit cell contains one phosphorus dimer bonded to four indium dimers. At 330°C, arsine decomposes on the surface, depositing three arsenic dimers on top of the indium without displacing the phosphorus atoms. This phase transition is analogous to that observed on InP ͑001͒, where the (2ϫ4) is converted into the (2ϫ1) by exposure to phosphine below 350°C. 24, 25 We have found that dosing the InP (001)-(2ϫ1) with AsH 3 at 330°C results in less than 3% As adsorption, confirming that the arsenic cannot displace the phosphorus in this temperature regime. This is consistent with previous studies showing that the As-P exchange reaction is an activated process ͑E a equal to 1.2 -1.6 eV͒, requiring temperatures in excess of 350°C to proceed at an appreciable rate. [8] [9] [10] [11] At an even lower temperature of 285°C, additional arsenic adsorbs on the InP surface, forming the disordered (1ϫ4) reconstruction. A ball-and-stick model of this structure is proposed in Fig. 11 . It consists of half a monolayer of arsenic dimers deposited on top of the (2ϫ1) surface. The As dimer rows are separated by 16 Å, yielding the ͑ϫ4͒ periodicity observed in the STM picture ͑Fig. 3͒. The arsenic dimers in the next lower layer are randomly distributed in the area between the rows, producing a ͑1ϫ͒ pattern that is consistent with the LEED and STM results. Although not shown in the model, the As dimer rows resting on top of the arsenic layer are discontinuous and misaligned with each other, further contributing to the disorder.
Arsenic exchange with phosphorus at 360-410°C produces the ␤2(2ϫ4) and ␣2(2ϫ4) reconstructions. Models of these two structures are presented in Fig. 12 . They are essentially the same as those reported for the As-rich InAs ͑001͒ surface. 18, 26, 27 The ␤2(2ϫ4) is terminated with two As dimers in the top layer and one As dimer in the trench. On the other hand, the ␣2(2ϫ4) consists of one As dimer in the first and third layers, separated by two indium dimers in the second layer. These models are in good agreement with the STM image and line scans shown in Fig. 5 . In keeping with the XPS results, arsenic is substituted for phosphorus in the first three bilayers of the crystal.
At or above 430°C, arsenic exchange with phosphorus on indium phosphide ͑001͒ generates the (4ϫ2) reconstruction. The atomic structure of InAs (4ϫ2) has been studied by theoretical and experimental means, and several models have been proposed. 21,28 -32 These include two indium dimers in the top layer followed by one in the trench, 28 one indium dimer in the first layer and two in the trench, [29] [30] [31] and two indium dimers in the top layer with two second-layer arsenic dimers. 21 However, which of these best represents the atomic structure of this surface is still being debated and further research is needed to resolve this issue. Nevertheless, the STM image shown in Fig. 6 is identical to that seen for the InAs ͑001͒ (4ϫ2) ͑Refs. 21 and 31͒ and demonstrates that an indium arsenide film has been deposited on the indium phosphide substrate by exposure to arsine at 430°C. Once the InAs skin has formed on top of the InP crystal, the d(1ϫ4) and (2ϫ1) reconstructions observed at lower temperatures can no longer be obtained. Instead, the deposition of additional arsenic yields a rough surface morphology as shown in Figs. 7 and 8. These surfaces are covered with small domains of the (2ϫ1) and (2ϫ4) phases, and with additional islands having structures intermediate between the c(4ϫ4) and (2ϫ4) reconstructions found on InAs and GaAs ͑001͒.
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V. CONCLUSIONS
In summary, we have identified the phase diagram for arsenic adsorption and exchange on InP ͑001͒ during exposure to 1ϫ10 Ϫ5 Torr arsine, or tertiarybutylarsine, at 250-450°C. Below the phosphorus desorption temperature ϳ350°C, arsenic adsorbs on top of the (2ϫ4) surface, forming either a d(1ϫ4) or a (2ϫ1) with 1.5 or 1.0 ML of As and P atoms. Above the phosphorus desorption temperature, arsenic exchanges with phosphorus in the first three bilayers, forming an InAs film ϳ7.3 Å thick. In this case, three reconstructions are observed at progressively higher temperatures: the ␤2(2ϫ4), ␣2(2ϫ4), and (4ϫ2) with As coverages of 0.75, 0.50, and ϳ0.25 ML, respectively.
